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SEMICONDUCTING AND METALLIC COVALENT POLYMERS:, (CH)x AND ITS DERIVATIVES.

: *
Alan G. MacDiarmid and Alan J. Heegeg
Departments of Chemistry and Physics

University of Pennsylvania
Philadelphia, Pa. 19104

\

Polyacetylene, (CH);a is the simplest possible conjugated organic polymer
and is therefore of special fundamental interest. ' It can be prepared in the
form of lustrous, silvery, flexible, polycrystalline films having any dﬁ’ifidv
cis/trans content by catalytic pclymerization of gaseous acetylene, nﬂz. ‘
The cis-rich films can be stxetched easily at room temperature in excess of
three times thgig‘original length with concomitant partial aligument of the

*” Dark red gels of toluene in (CH)!' may be prepared using a
lower catalyst concentration.’ Highly porous, veryxlow density, "“foam-like"
(CH)'' can be obtained from these gels.’ Both cis- and trans-(CH) 'are p-type
semiConductors® which can be treated with a variety of p- or n-type dopants

(ca); fibrils,

L iy o Tt e, W e

with concomitant increase in conductivity to give a series of semiconductors
and ultimately, "organic metals." This report will be directed primarily

towards a description of the more chemically oriented aspects of (CH);7and its

derivatives.

A\

N 1. Doping of (CII-Qx Films

The various types of ddﬁants and doping procedures, the nature of the
(CH)_ chain, and the nature of the dopant in the films will be described below.
The ferms "cis" and "trans" used in’ conjunction with a doped film will refer

to the principal isoweric composition before doping and does not imply that
the isomeric composition either remains constant or changes during the doping

process.

1.1. p-Type Doping

1.1.1. Dopants and Methods of Doping. When either cis or trans films are .
"exposed to the vapor of electron-attracting substances (p-type dopants) such
as Br,, Iz, AsF., HZSOA’ cLo,, etc.9,10 they become "doped" with the species

ez 1 properties change markedly.

and their ectfical™" (Table I) and optica112
TABLE I

DOPANTS FOR (CH) .

a,b

A. p-Type (Electron-Attracting) Dopants.

b e e 2+ st it

e adunLain

.
PPN

o am eiZae

Conductivity

trans-[CH(HBr)o.04]x°

cis—{CH(ICl)o.l‘,']x

0.30]x

(ohmfl
25°C

1.7 x 10°
4.4 x 10°

em

1

9
3

7x lO"

1x10
4 x 10”
5x 101

5.5 x 10%

-4

1
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TABLE 1 (Contigued)
. 2
trans-[CHIo.zo]x | _ 1.6 x 102
cis-{CH(IBr) ] 4.0 x 10
trans-[C!(Ast)o.lolx ‘ 4.0 x 103
Ci'-{cal.l(A8F6)0.10]x : ca. 7 x 102
| Ci"[cn(SbFG)O.OS]x,' . . 4.0 x 101.
| cis-[CH(PF6)0.033]x 4 ~ - ca.2.5 x 10 .
, eis-[CH(SbCL.) g g09ly : 1x :u)1
i eis-[CH(SbCLy) 5 0095l ix 10
i sis-[CA(SBCLs) g7, 2,
cis—[CH(BFz)O.Oggx 1x 102~
} s1s-[Ca(SO,F) ]x 7x 10
2
.———i (GHy gy (4aF50B) 1 | g 7 x 10
!
: £1s-108) 955 (P50 gsg)y | . - 3 x 10
- cis-[CH(H,S0,) g 106(E,0)g -70], , 1.2 x 10
' =2 . . . 3
E eis-[CH(HCLO,) 5 1,7(B,0)5 2g7], | - 1.2 x 10
E f B. n-Type (Zlectron-Donating) quant:sac
] ¥ , . .o
¢ . 2
! [ sis-{L1) 5 ()] I 2.0 x 10
N cle-[Nay , (COD], | - - 2.5 x 10
‘ ; 28 0.21 - 1
: f"E .cis-[K (CE)] - - = 5.0 x 10
: " - *70.16 . , 1
i .;ﬁ‘ A :rans-[Nao.zg(CH)]x ' . . | Q.O x 10
ﬂ{ a) 'eis" or "trans" rafers to' the prixcipal isomeric composition_before
S ~ doping.
' b) composition by elemental analysis except where stated otherwise.
% ¢) composition by weight uptake. :
7 d) dopant used: (SO3F)2 No composition or analysis given. Andarson, L.R.,
: : Pez, G.P., and HSu, S.L.: 1978, J.C.S. Chem.+pomm., pp.1066.
Lk e) by electrochemical doping using [(n-C,H,),6N] [PF6] Nigrey, P.J., MacDi~
? 3 armid, A.G., and Eeeger, A.J.: 1979, anpu lished observations. :
;” Dopant preusures <1 Corr are usually satisfactory. With many dopants the con-
}“' ~ ductlvity increases rapidly through the -semicénducting regime to the metallic

cegime. The concentrations of the dopants given in Table I are generally the
maximum or close to the maximum value readily obtaingble. Doping can be ter— -
minated at any degree of lower doping level desired, with corrasponding lower
conductivity. '

PO S
v 2N R

/iz‘fi’.ﬂﬁﬁmmzxmik -

Salts containing the (NO)+ or (NO )+ jons algo act as good dopants.lo For
example, the PF, group czn be introduced readily into (CE)x simply by treating
a (CH)_ film (ca. 85X cis isomcr) with a CH,NO,-CH,Cl, solution of tha appru~
priate®salt. Thus, (NO y*+ (PFg) yields golden, fléxible, highly conducting

filmg of [CH(PF6)O 033] , (Table I) with liberation of Noz, viz.,

e - [N .- St e r— v t——
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- Froe v o re. |
(ca)x + 0.033x(N0,) (PFe) - [CH(PF6)0.033]x + 0.033an2 )

It has been found very recencly that (CH)_ films ma{ be doped electrochem—~-
ically either to the semizonducting or metall¥c regime, 3 This is a most im-
portant davelopment since it opens: up a general, very simple, readily con-
trollable means of doping with a.wide variety of species which can not be in-
troduced by any obvious conventional chemical means. For example, it was
found that when a strip of (CH)_ film (ca. 85X cis-isomer) was used as the
anode in the electrolysis of aqueous 0.5M KI solution with a potential of 9 V.
it was doped during ca. 0.5 hour to the metallic state, to give, by clemental

_analysis, (CHI 7)4+ It is important to note that the flexible, golden-sil-.
very films congigne§ no oxygen {total C, H, and I content=99.8%) aod hence
had undergone no hydrolysis and/or oxidation during the electrolytic doping
prccess. When the (CH)x was used as the anode in the electrolysis of 0.5M

{(a-C Hg) N]+[C104]- in"Ca 012 at 9 V., doping occurred during ca. 1 hour to

give ﬁigh&y conduct ing (Tagle I), flexible films which, by elemental analysis,

had the composition [CH(C].OI‘)0 064 ]*13 lower doping levels obtained during
shorter electrolysis times gave magerial having conductZvities in the semicon-~
ductor region. Jimilar results were obtained by the electrolyiﬁs of methylene
chloride solutions of [{n-C,Bg) NIT[S0,CF,]” and [(n-C,H.),NH]"[AsF.]” both of
which gave highly conducting goidan—siivery flexible filus. The former is
assumed fo contain the (SO,CF,) and the latter, the (AsF,) species, since ele-
mental analysis of the film gave a composition corresponéing to = .,

[CH(A3F4)0 77] . The (AsFa) is probably foiped by a reaction sequence in-

volving prégon fbstraction from {gn-C3H7)3NH] by fluorine atoms from AsF6

during the electrolysis process. ~ .

Rechargeable storage batteries having a high energy density per unit mass
have been constructed from single (ca. 0.1 wm thick) pieces of (CH)_ film con-
‘talning LiI sandwiched betwsen two pleces of Scotch tape. Values of voc and
I,. up to 3.0 V aud S mA/em”, respectively, ‘have been obtained.

"1.1.2. Nature of the (CH) Chains and Dopant Species. Raman studies show
that the fodinated and brominated films should be formulated as [(CH)¥Y(X)) ]
where X=Br or IIAat least a significant portion of the halogen being presenz x
as the ion. The halogen partly depopulates the pi bonding system and
oxidizes“the (CH) to a polycarbonium ion chain. This conclusion is supported
by carbon ls core shifts from ESCA studies. The (NO)¥ ions are also excal-
lent species for oxidizing the pi system of (CH)_ and are capable of concomi-

tantly introducing anions which stabilize the polycarbonium fon chains.l0
' For example, the [CH(PF,) 1. species_given in equation (1) is more appro-
priately formulated as 6.0'033 x [CH“"O'03§ -

(PFg)g.033)x"

The most simple and general method for simultaneously oxidizing the (CH)
pl system and introducing stabilizing anions appears to be that involving :'%
‘electrochemical doping.1 Thus, species such as [CH(C1O )0 0 45]x’ -
[CH(AsF, )o 7 1 _, etc. formed electrochemically as describe& gn Stéetion 1.1.1.
sre bel&cvig zoxcontain the (C10,) and (ABF@) ions, respectively, although
the extent to which charge trans?er to the anionic species occurs may be ex-

. pected to vary according te the nature of the dopant. It is interesting to
pote that AgClO, has also been found to dope (CH) films with (C1°6) ion,
slthough to lower conductivity levelelb (ca. 3 ofin~tem~l) than thit obtained
with electrochemical doping.:. The resulting- film is contaminated with metallic
eilver. In this case, the Ag* ion acts as the oxidizing agent, viz.,

'(mk;ommu@m4+‘umﬁmm%a

9,7 018] + 0-0184g @

Although most studies of (CH) have been carried out on AsF .- or I ~doped
£i{lms, the actual chemical form i which the AsF, exists in the film is still
not completely clear. When (CH)x film is treated with very pure AsF, vapor in

|
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a vacuum line pretreated with AsF., elemental analgses for C, H, As and F give

an arsenic to fluorine ratio of 135 (Table I) The sum of the elemental

.. : . analyses is 99.72Z or better and hence the film contains no significant amounts

d ‘ of oxygen. Photoelectron spectroscopy also shows the pigncipal arsenic spe-

cles contains arsenic and fluorine in the ratio of 1:5. { ince epr19 and .

3 magnetic susceptibility studies20 show the paramagnetic radical anion, AsF

3 : is not present, it seems that the AsF_ might be in the form of the previocusly

’ ' uareported diamagnetic (As,F -2 jon? 1If the [CH(AsF Y. 1. film is treated

either with AsF vapor con%aining HF or is immersed in Y4%x aqueous HF, then

‘ o elemental ana1{§es for C, H, As and F give an arsenic to fluorine ratio of

‘ 1:6 (Table I). Again, the sum of the elemental analyses for all elements is

_ greater than 99.7%. If, on the other hand, the [CH(AsF ). 1_ £ilm is pumped

{ : : for many hours in a vacuum system containing possible traXes of air, elemental

‘ analyses corresponding to [CH (AsF OH) ] , (Table I), are obtained. In this

respect, it might be noted thatymany salfs™ containing the [AsF.(0H)] ion are
known. The conductivity of all three types of specles is essentially identi-

- cal. These experimental observations are consistent with the reactions below:

T RN

- ;::<;‘;.v;"fw‘r“:*."7—1""‘v L
N e o aa et

(CB), + yAsFy + IC_HCAsFS)y]x | S (3) |
[ca(AsFS)y]x’+ yHF = [Cﬂlg(As%);] - (%) ;
y f
; ' ' .
{ [CH(AsF) 1, + yHyO = ICH (AsF OH) ] ‘ ®) i

camdiade o

; | The weak protonic acids, HF and HOH, can be regarded as comhining with the
3 AsF. specles to give the strong protonic acids, mgt(AsF,)™" and " (AsF_OH) Tn,

regpectively, which then dope the (CH) portion of the material according to
equatioas (4) and (5).1

aie el T

Other investigators have shown on the basis of X-ray absorption and infra-
9 red data that AsFS-doped film, of unknown elemental composition, contains the

g . . AsF,” ion.2l Thi3 is in no way inconsistent with the above conclusions based .
cae b on elemental analyses, ‘Indeed, it supports the formulation of the

. ol Y (AsF,) specles given above. However, these investigators suggest

) o +ghe ?AZFX) ion arises through the reaction below which 1nvolves dispro~
: Py , : portionation of the AsF.:

PR T S-SRI

+2y ' :
(CH)x‘-a- 3yAsF, + [ (A8F6)2 1, + yAsF, o (6)

Since AsF, is readily removed by pumping,Zl the resulting material should al-

G ways contdin arsenic to fluorine in the ratio of 1:6. This is in conflict

h’;ﬁ;; ' with the elemental analytical data for the [CH(AsF.) ], material. Since

' %bﬁi [CH(AsF.) ] decomposes therm ‘ly with che liberaciox of gaseous HF and A3F3 .
- : : it is ais qui:e possible that [CH(AsF.) could be converted to .
[ (AsF ) ], according to equation ?4? §y the HF so formed under certain

RN n}igions of gandling or storage of the Ast—doped films.

},}W .

& 1.2. n-Type Doping

e U e T
=,

>

ot Al o P L

; ;2 } ) Electrog donating, i.e., "n-type" dopants, way also be introduad into

(. P (CH)x £11ms““ (Tabie I) simply by immersing the film in a THF solution of - |
' g ¥ : e.g3., sodium naphthalida, viz., y
! i3

%2 “i". ’ .

r E ('ch)x + 0.21xNa Npth - [N‘O.ZI(CH) ]x + 0.21xNpth | (D)

; %; i - A've:y large increase in conductivity is noted but it is not as great as that

[ R o J— .o e BN
| 7
1 , : J
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.observed with most p-type dopants. . Alkali metals may also be Intreduced by,
for example, allowing 2 liquid sodium/potassium alloy at room temperature, or
molten potassium to contact a (CH)_ film.23 A liquid sodium amalgam will al-
so Na~dope the film at room temperature. Preliminary experiments indicate

that the (CH)_ pi system may also be reduced electrochemically to give n-type
doping by, fof example, the electrolysis of a solution 35 LiI in THF using a

(CH)x film as the cathode, to give [Li;(CH)-y]x films.!

The (CH)_ chain in these materials may be considered as a polycarbanion
associated_with the corresponding M* petal iom. They are extremely sensitive
to air and moisture. This appears to be a direct result of the anionic na-
ture of the (CH)x chain and is not directly related to the presence of the
metal ion. Thus it seems likely that all n-doped (CH)_ will be highly reac-
tive regardless of the attendant metal ion, which of cSurse is stable to air
and water. Treatment of Na-doped (CH)_ with D,0 results in partial hydroge-
nation of the carbon-carbon double bonds.l’ . ;

2. Synthesis of Substituted Polyacetylénés :

When ca. 85% cis films of (CH) are doped with bromine to compositions
such as [CHBr0 3] and then partlyxdehydrobrominated at 150°C, they yield new
A semiconducting'pofymers in which up to 20% of the H atoms have been replaced
by Br. They have the approximate composition [CH
[cH 358%¢ 11]x' These can then be doped with I,
congﬁcging'organic metals such as [CH Br I ]
{cu Br (AsF,) ] respectivegisg 0.0970.12"x
0.82770.13 5/0.12°x? '

1- Br Ix’ €.8s .
of ALFY to yield new highly -

agd

3. Photoelectrochemical Reactions at Polyacetylene Interfaces

A chemical reaction involving a reduction process, e.g.,

s,72 + 27 » 257
can take place with the concomitant production of an electric current when a
p-type (CH)x film, immersed in a solution coutaining the oxidized and reduced
forms o;aan appropriate couple, is irradiated with light of appropriate wave-

length. In the case of the polysulfide system, the reverse (oxidation)
process, :

(8).

28'2 + 8,7 +2e” RN C))

will take place simultaneously at the counter electrode, e.g., Pt, which is
oot irradiated. The lons produced at a given electrode then diffuse to the
other electrode and become available for reuse at that electrode. The pro-
cess 1s, therefore, continuous as longkaisthe'(cn)x electrode i3 irradiated
with light of appropriate wavelength.<"? A definite photovoltaic effect
can be observed (V‘oc ~0.3 volts under illumination of ca. 1 sun) if a fairly
thick film of trans-(CH)_ is used in order to reduce somewhat the otherwise
high resistance of the (fH) electrode. By using a different cell configura-
tion, dgscribed in detail efsewhere,24,25 an open circui: current of ca. 40 p
amps/cm” may br: obtained. This will undoubtedly be increased by using par-
tially doped (Cﬂ)x and thinner f£ilms. Since (CH)_1is a p-type semiconduc-
tor, photogenerated electron-hole pairs become separated at the (CH) -elec- '-
trolyte interface and electrons are injected into the electrolyte. :

e e LT . e e el b o eeeatd s’

L

[

A Y ey ¢

Preliminary experimeunts have been carried ou:24'u§ing aqueous solutions
of the couple ‘ : .
-2

-2 e - o
3 +204 2 SO4 + HZO + 2e (10)

e .

with qualitatively similar results. It therefore seems highly likely that it .
should be possible to fabricate a variety of photovoltaic cells using (CH)x "

A




D, T I DS D S T T T, o

LA

b ey
o e

g

o

R 8

ST~

S
s

1;“\':. .

PR

s e

a8

T I IR VT T

electrodes immersed in aqueous or nonaqueous solutions of ayproptiate redox
couples.

4. Conclusions

It can be seen clearly that (CH)_ dis. quite remarkabls in that its conduc-
tivity can be readily modified to spgn an extraordinarily large range. Con-~
sidering possible polyacetylene derivatives, replacement of some or all of
the hydrogen atoms in (CH)_with organic or inorganic groups, copolymeriza-
tion of acetylene with othr acetylenes or olefins, and the use of different
dopants should lead to the development of a large mew class of conducting or-
ganic polymers with electrical properties that can be controlled over the
full range from insulator to semiconductor to metal. Furthermore, there is
considerable potential for the possible application of parent or doped (CH)
to the fabrication of various types of electronic devices, solar cells, etcx

’
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